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Reynolds number effects in a turbulent pipe flow for low to moderate Re

J. M. J. den Toonder® and F. T. M. Nieuwstadt
Laboratory for Aero- and Hydrodynamics, Delft University of Technology, Rotterdamseweg 145,
2628 AL Delft, The Netherlands

(Received 31 July 1995; accepted 19 June 1997

We present in this paper high resolution, two-dimensional LDV measurements in a turbulent pipe
flow of water over the Reynolds number range 5000—25000. Results for the turbulence statistics up
to the fourth moment are presented, as well as power spectra in the near-wall region. These results
clearly show that the turbulence statistics scaled on inner variables are Reynolds-number dependent
in the aforementioned range of Reynolds numbers. For example, the constants in the dimensionless
logarithmic mean-velocity profile are shown to vary with Reynolds number. Our conclusion that
turbulence statistics depend on the Reynolds number is consistent with results found in other flow
configurations, e.g., a channel flow. Our results for the pipe flow, however, lead nevertheless to
quite different tendencies. @997 American Institute of Physids$$1070-663(97)03711-2

I. INTRODUCTION amined for channels and boundary layers especially at low

Wall-bounded turbulent flows, such as pipe flows, Chan_Reynolds numbers. An extensivg review is.given in Gad-el-
nel flows and boundary layers, are generally believed to con1@k and Bandyopadhyainhe main conclusions of that re-
sist of several regimes, each having their own flow characYi€W &ré the mean velocity seems indeed to scale on inner
teristics and scaling parameters. In the conventional picture ¥riables, i.e., there appears to exist a universal mean-
distinction is made between a so-called inner and an outefelocity profile in the inner layefBradshaw and Huarf,
layer. The inner layer consists of the near-wall region, inhowever, again question the inner-layer scaling of the mean
which the flow is assumed to be independent of the largeProfile); however unlike the mean flow, the turbulence sta-
scale geometry. In other words, the flow quantities in thelistics do not seem to scale accurately with the inner vari-
inner layer are similar regardless of the type of flow geom-ables over the entire inner layer, but only in a very small
etry, whether this is a pipe, a channel or a flat plate. Theportion adjacent to the wall. In most experiments considered
outer layer on the other hand depends on the geometry of tHey Gad-el-Hak and Bandyopadhyhyhe peak of the scaled
flow. Of course, a region of overlap between both layersstream-wise turbulence intensity increases slightly with Rey-
exists in which a gradual transition from one layer into thenolds number, while the position of the peak remains unaf-
other should occur. fected. A recent review of experimental data by Mochizuki

The classic idea behind the scaling is that turbulenceind Nieuwstadt,on the other hand, indicates that the peak of
quantities (e.g. mean velocity, rms-velocity fluctuations, the stream-wise velocity fluctuations stays constant for an
power spectrh if properly scaled, should collapse onto a gxtensive range of Reynolds numbers in both external and
single curve independent of the Reynolds number. For thgiemal flows. In contrast to their findings on the stream-
inner Iayer_ it then also follows that this similarity curve | ica turbulence intensity, Gad-el-Hak and Bandyopadhyay
should be independent of the flow geometry. __notice that the peaks of the turbulence intensity of the veloc-

The appropriate scaling parameters for the inner reglpri1[y normal to the wall, and of the Reynolds stress move away

for th(?, case of a sm(_aoth yvaII, are caI_qu the INNETVar- ¢ om the wall with increasing Reynolds number, and that the
ables.” They are the viscosity,and the friction velocity ., . .
magnitude of the peaks increases.

. . . — 1/2 . .
which is defined asi, = (r,/p)™", wherep is the density of It should be noted here, that many experiments in the

the fluid andr, is the mean shear stress at the wall. For L : .
: Jast have a priori assumed inner scaling for the mean flow to

example, inner scaling demands that the mean-velocity pr ) ) )
file should obey the unique relationship bg valid and have used '.the veIoc@y data to computeTh|§ -
might lead to systematic errors in the turbulence statistics
Ur=f(y"), (1) plotted in wall variables and such procedure should be
where UT=U/u, is the scaled mean velocity ang* avoided, whenever possible, certainly in a study on Reynolds
=yu,/v is the dimensionless distance to the wall. Tie a  humber dependence of inner scaling. However, in channel
universal function presumably independent of Reynolddlows and boundary layers it is difficult to obtain a suffi-
number and generally known as “the law of the wall.” We ciently accurate estimate af. by measuring the pressure
will come back to this relationship in Sec. Il A. drop. On the other hand pipe flows have the advantage that it
This classic notion of inner scaling has been questioneds much easier to measure the pressure drop and from this
in the past, and in particular the influence of the Reynoldobtainu, with confidence. Furthermore, as explained in Gad-
number on the statistical turbulence quantities has been exl-Hak and Bandyopadhydymany of the alleged Reynolds
number effects may be attributed to the strong increase of the

dPresent address: Philips Research, Prof. Holstlaan 4, 5656 AA Eindhoveﬁ‘,on'd'mens'on.a-I |ength of meésuremem prObeS as the R?y'
The Netherlands; Electronic mail: toonder@natlab.research.philips.com nolds number increases, making the measurements at high
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FIG. 1. The pipe flow facility. The main part is a cylindrical perspex pipe FIG. 2. The test section.

with length 34 m and inner diameter 40 mm. It contains a test section for the
LDV measurements.

To avoid secondary circulations due to free convection the
entire pipe is insulated with 3 cm Climaflex pipe insulation.
Reynolds numbers unreliable because of the loss of resolu- The pressure gradient along the pipe is measured with
tion. two membrane differential-pressure transducéralidyne
The objective of the present paper is to investigate thé&ngineering Corp., type DP15—R0wvhich are identical ex-
influence of the Reynolds number on inner scaling in turbucept for having different rangesonly one of these is
lent pipe flow for low to moderate Reynolds numbers. Asketched in Fig. l One transducer with a range of 88
systematic study of this effect is still lacking for pipe flow, mmH,O measures the pressure difference between the posi-
contrary to channel flowe.g., Wei and Willmartf). Al- tions 20 m and 31.5 m downstream of the settling chamber.
though Perry and Abelladdress the issue of scaling laws for The second transducer has a range of 255 pnghd mea-
pipe-flow turbulence, they do not measure close enough teures the pressure difference between 18 m and 28 m behind
the wall, and have insufficient probe resolution to be able tahe settling chamber. The pressure taps have a diameter of 1
prove or refute the existence of similarity in terms of innermm. The flow rate is measured with a magnetic inductive
variables. In our study we use two-component Laser Doppleflow meter(Krohne Altometer, type SC 100 ASThe tem-
Velocimetry (LDV) to measure turbulence statistics andperature of the fluid is measured with a thermocouple in the
power spectra in a turbulent pipe flow with the Reynoldsfree-surface reservoir. This temperature is used to calculate
number, based on bulk mean velocity and diaméier.,, the viscosity of water during the experiments. The measured
Re=U,D/v), ranging from 4900 to 25300. pressure gradient, flow rate and temperature are acquired au-
The plan of the present paper is at follows. In Sec. Il atomatically with a personal computer. The pump in the sys-
description of the experiment is given, including the flowtem is a so-called disk pump, manufactured by Begemann.
facility, the LDV setup, the experimental conditions and the  The curvature of the pipe wall leads to the difficulty to
data processing. We present in Sec. lll the results of theneasure very close to the wall with LDV, because of refrac-
measurements, which are subdivided into “turbulence statistion of the laser beams by the pipe wall. This difficulty arises
tics” and “power spectra.” Finally, Sec. IV contains the because of the differences in refractive index of the test fluid
conclusions and a discussion. (i.e., water withn=1.33, the material of the pipé.e., per-
spex withn=1.49, and air fi=1.0). To minimize this prob-
lem, we have constructed a special test section, illustrated in
1I. DESCRIPTION OF THE EXPERIMENTAL SETUP Fig. 2. In the test section, located 30 m downstream of the
inlet of the pipe, the pipe wall is partly replaced by a thin foil
made of Teflon FERfluorised ethylene propylepevith a
The experiments were performed in the re-circulatorythickness of 19Qum, kindly provided by Du Pont de Nem-
pipe flow facility of the Laboratory for Aero- and Hydrody- ours. This material has a refractive index nf=1.344
namics, a schematic diagram of which is shown in Fig. 1. An+0.003, which is quite close to that of our test fluid, so that
extensive description of this setup can be found in Dfaad.effects of refraction are quite small. The use of this foil in
The main part of the facility consists of a cylindrical perspexcombination with the square perspex box filled with water
pipe with a length of 34 m and an inner diameter of 40 mm.around the cylindrical foil minimises the refraction of the
After the pump and before entering the pipe, the fluid passelaser beams. As a result we can perform measurements down
first through a flow straightening device and then through theéo a distance of 0.2 mm from the wall, which varies for our
settling chamber. The settling chamber contains another flooneasurements between 1.7 and 6.8 viscous wall units. The
straightening device as well as several screens, and it is comner diameter of the pipe segment formed by the foil is
nected to the pipe by a smooth contraction. At a distance 040.37 mm. The walls of the perspex box have a thickness of
1 m behind the pipe entrance a so-called “trip ring” is in- 6 mm while the distance of these walls to the pipe centre is
serted in the pipe to force transition to turbulence. This trip60 mm.
ring causes a sudden narrowing of the pipe diameter with a Despite this care taken in constructing the test section, it
step of 6 mm, extending 5 mm in the stream-wise directionturned out that very close to the wall sources of measurement

A. The pipe flow loop

Phys. Fluids, Vol. 9, No. 11, November 1997 J. M. J. den Toonder and F. T. M. Nieuwstadt 3399

Downloaded 04 Jun 2005 to 131.155.212.53. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



transmittor box splits up the light that is produced by the
laser into two wavelengths, namely 514.5 nm and 488 nm
(one for each laser beam paiand feeds it into the fiber
through which the light travels to the measuring probe. At
the same time, the fibre carries the backscattered laser light
from the probe back to two photo-multipli€PM) tubes, via

lnser J the transmittor box and a colour separator that separates the
= | colour soparator two colours. The output from the PM tubes goes to two

“Burst Spectrum Analyzers” (Dantec, type Enhanced

N il 57N20 and Enhanced slave 57N36ne for each laser beam
il

l T pair, or velocity component. By means of a spectral analysis
J BSA2 of the signal, each BSA computes the Doppler shift between
\\%ﬂ

traverse
direction

2-D LDA probe )
test section

transmittor
0X

L

—

, the transmitted and the scattered light, and this shift is pro-
— portional to the velocity component of the particle perpen-
dicular to both beams.
FIG. 3. The LDV setup used is a two-colour backscatter system supplied by  The Stream-wis@r axia[) Ve|0city component was mea-
Dantec. The received signal is processed by two Burst Spectrum Analyzergured using the 488 nm laser beam pair, and the nofanal
radia) component with the 514.5 nm pair. That means that

error were present. These sources showed up as scatter in twg 514.5 nm pair lay in the plane perpendicular to the

second and higher statistical moments, in particular for thétream_— WI'Se Q'r?ﬁt'oﬂl‘e" the vltlarltlc;al k[))atlrz’)l[hand tthe 488.
radial velocity component, at measurement positions smallég_m pair ayd'nh N pa?e par?ﬁ 0 bo he“shregm-wse
thany*=5. The scatter could not be explained by a lack of irection and the optical axis of the protie., the “horizon-

sufficiently many independent samples to compute the motal pair”). Prior to the actual measurements the measurement

ments; in other words statistical inaccuracies were not thé(oIumes for both components were made to coincide at the

cause of the scatter. It is most probable that reflections of thedme position by using a pinho-le _With diameter 20. Th.e
laser light from the pipe wall that were picked up by the paths of all four laser beams within the pr_obe were a_djusted
receiving optics have been the cause of the inaccuracies P that they all were focused on the pinhole if this was

the second and higher moments in the regjon<5. The placed in the focal point of the probe front lens in air. The
vertical laser beam paisee the next sectignmeasuring the dimensions of the measurement volumes are estimated to be

radial velocity component, is most sensitive to such distur29: 20 and 10@m in the stream-wise, normal and span-wise

bances. Because of this scatter, we decided to leave the d&f§Ctions, respectively. That means that the width of the
measured at positions further from the wall thah=5 out measurement _volumes, i.e., the size perpendlc_ular to_ the
of the results to be presented in Sec. IIl. It will be clear fromMean flow, varied from 0.2 to 0.6 viscous lengths in our pipe
the results in Sec. Il that the data outside the layer5 do ~ flow measurements.

not suffer from large error sources, and have actually quite N all measurements to be presented later in this paper,
good accuracy. the probe was traversed in the vertical direction, causing the

measurement volumes to travel along the vertical central axis
of the pipe, as indicated in Fig. 3.

B. The LDV setup We aligned the probe in the horizontal and vertical

Laser Doppler VelocimetryLDV) is a well-established planes with respect to the pipe by observing the reflections of
technique for measuring turbulent flows. An exposition ofthe laser-beams coming from the test section. The probe was
the general principles can for instance be found in Durstdjusted so that these reflections travelled along symmetric
et al.” or Ruck® paths with respect to the incoming beams. Furthermore, the

The LDV setup used in our experiments is sketched irprobe was rotated about its optical axis and fixed in the po-
Fig. 3. The measurements were performed with asition in which the mean velocity measured with the vertical
2-component LDV system manufactured by Dantec. Thidaser beam pair in the centre of the pipe was identically zero.
system uses two orthogonal pairs of laser beams with pair- The actual location of the measurement volumes was
wise light of a different wavelength to measure the fluid-determined by examining instantaneously the output of the
velocity in two directions. Each of the pairs forms a so-calledBSA's, i.e., the Doppler signal, with a digital scope while
“measurement volume” at the position where the two beamdraversing the probe. When the measurement volumes hit the
intersect. The light that is scattered by a particle travellingfoil, this shows up as a sudden increase in the noise level of
through the measurement volume is gathered in the backscahe observed signal. In this way, the location of the wall was
tered direction. The optics to focus the laser beams into thdetermined at four positions from which the zero position of
pipe and also to receive the scattered light are built in on¢he probe was determined.
measuring probéDanteg, having a focusing front lens with In all experiments the fluid was seeded with pigment on
focal length 80 mm. This probe is attached to a three-TiO,-basis to get sufficiently high data ratesee Sec. Il ©
dimensional(3-D) traversing system also supplied by Dan- The power supplied by the laser was always 2.5 W, corre-
tec. The probe is connected to an argon—ion laser of Spectsponding to a power of approximately 150 mW in each laser
Physics(model 2020 via a fiber and a transmittor box. The beam.

/
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TABLE I|. Experimental conditions of the measurements. Each syrtflist columr) corresponds to one full
profile or spectrum measurement, and will also be used in the figures in this paper to denote the corresponding

measurement.
Experimental conditions of the profile measurements

Symbol u, (mm/9 v/iu, (mm) Re Re
O 9.2 0.120 4900 338
A 16.9 0.064 10000 629
| 27.8 0.039 17800 1040
+ 37.3 0.029 24600 1380

Experimental conditions of the spectrum measurements

Symbol u, (mm/g viu, (mm) Re Re yt
(@] 8.8 0.116 5100 348 121 30.2
A 15.6 0.064 10000 630 12.0 30.0
+ 35.0 0.029 25300 1413 11.9 30.1

The BSA’s and the traversing system are controlled by @he wall and moving toward the centre of the pipe. At each
PC, making fully automatic measurements possible. position samples were gathered at a certain mean data rate
(fqr), by operating the BSA'’s in the so-called dead-time
mode, and during a given measuring tiffie In the dead-
time mode, the time separation between the samples can be

We performed two types of measurements: “profile fixed to a certain valuéhowever only approximately, due to
measurements,” from which turbulence statistics as a fUnCthe stochastic nature of the samp"ng proa;,egst[“s way,
tion of wall distance were determined, and “spectrum meathe mean data rate can be influenced, provided there are
surements” for the computation of power spectra. This SeCenough samples in the first place. For the two lowest Rey-
tion contains a description of the experimental conditionsng|ds numbersf 4, was around 30 Hz, whil@=600s. In
All the measurements were carried out with “Delft” tap wa- the other case$y,~60 Hz andT=300s. That means that
ter. Table | lists the experimental conditions of the measuretypically 18000 samples were obtained per position. Close to
ments. In the first column the symbols are shown which wehe wall, f4, always was lower. Not all 18000 samples were
will use in the figures in the remainder of this paper for theyncorrelated, because typically each integral time scale of

C. The experimental conditions and data processing

corresponding measurements. _ the turbulence contained 2 to 3 samples, so effectively we
The friction velocity was determined from the pressurepaye at least 6000 independent samples.
measurements according to From the obtained velocity data statistical quantities
D AP were computed using the following procedure.
u,= \/4— Azl (2 First the samples were validated by the BSA'’s according
P

to the following criterion. As mentioned in Sec. II B, the
where D is the diameter of the pipe\P is the measured BSA's compute the frequency of the scattered light by means
pressure difference antiz is the distance over whichP is  of a spectral analysis, i.e. the signals’'s power spectrum is
measured. For the first two profile measuremdnts, the computed. The global maximum in this spectrum corre-
two lowest Re in Table | the 88 mmkO pressure transducer sponds to the dominant frequency, which is the relevant
was used, in the other cases the 255 m@ktansducer. The quantity. A LDV sample was accepted only if the global
relative measurement error inwas 0.3%, as estimated from maximum was at least four times as large as the secondary
Eq. (2) and uncertainties in the quantities p, AP andAz.°  local maximum in the spectrum.

The viscous length scale/u, is composed of the kine- Second, the data were inspected for “spurious” data by
matic viscosity of the fluid,y, determined at the observed computing, for each measurement position and velocity com-
temperature, and the friction velocity. The variation of theponent, the mean and the standard deviation of the velocities
temperature of the fluid during each profile measuremengiven by the samples. An individual sample then was disre-
was less than 0.1 °C, with a mean value between 16.3 °C arghrded in the further processing if it lay outside the interval
17.0 °C. (mean =10 times the standard deviatjorin our case, this

The Reynolds number Re is defined with the bulk veloc-resulted in only slight changes in the higher-order statistics
ity in the pipe, i.e. ReU, D/v, whereU, is determined near the wall. The number of outliers found per time-series
from the measured flow ra@. The Reynolds number Res  of about 18000 samples was always less than 3, and they
defined with the friction velocity: Re=u, D/v. occurred only in the time-series measured at positions less

Profile measurements were conducted at four differenthan 0.5 mm from the wall. This is a sign of the measure-
Reynolds numbers. One profile measurement consisted ofraent errors caused by reflections of the laser light by the
traverse through the pipe, measuring the velocity at a largpipe wall, as discussed at the end of Sec. Il A.
number of positiondi.e., 35 for the lowest Reynolds num- Third, the coincidence of the measurements of both
ber, and 70 for the highest Reynolds numbsarting from  components was required. That means that a pair of samples
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was validated only if the difference in the arrival times of the 25 |

two sampleqone for the axial and one for the radial direc- R

tion) was less than a certain coincidence windQyy,.. We o0 | N T “

used for all profile measurements,,.=d/U,, whered is ST e O Tt T

the width of the LDV measurement volume in the stream- A ”

wise direction(i.e., 20 um), andU,, the bulk velocity in the . 15 ’

pipe. = Y.
After validation the turbulence statistics were computed 10 [# %&g

according to standard procedures. The mean, root-mean- °

square, skewness, flatness and Reynolds stress were deter- 5t o R

mined for each radial position P v Rl
All measurements were corrected for the spatial integra- : Eggels etal. (1994)

tion of the LDV signals due to the finite size of the measure- ® o4 02 0 o2 oa

ment volumes following a method proposed by Dutsal 1°

(see also den Toond®r Statistical measurement errors were
computed following the procedure of Lumley and FIG. 4. Mean velocity profiles as measured with LDV for four different
Panofskyl.l These errors are depicted at a limited number ofReynolds numbers, compared with the numerical result of Eggjeds!?
radial positions as error bars in the figures presented in Sec.
[l A. Uncertainties inu, are also accounted for in these
error bars.

r’'D

The power spectra were computed from the spectrum
Pweasurements as follows. The observed time series, which

Sevgral checks were performed' to verify the accuracy Otonsisted of approximately 196000 samples distributed in
the profile measurements. Integration of the mean velocmﬁme according to a Poisson random distribution, were re-

profiles gave a flow rate which corresponded with the mea'sampled at equidistant times using linear interpolation be-

ithi 9 i - . i
su_redQ within 0.5%. Also, the relation between; as deter- -y eon the measured data with the re-sampling frequency
mined from the pressure difference measurements and ”19

d © al beved the Blasius friction | equal to the mean data rate of the measuremep).(The
vrCifr{:Iiiu(geSW ow rat@ always obeyed the Blasius friction law re-sampled time series then were divided into 1864}
. 0.

This is an indication that the flow was indeed half-overlapping blocks each containing 2048 data points.
fully developed. The latter was also confirmed by ComMparing-g. aach of these blocks, the power spectrum was computed

the readings of the two pressure transducers, because thqﬁﬁng a FFT and a Bartlett window. The power spectra pre-

|fnd|c<'_;1ted ? [t_]ruly I_mlea_r de_crease of the mean pressure aS&nted in the following sections were obtained by averaging
unction of the axial direction. the spectra of the blocks.

As we have already indicated at the end of Sec. Il A, the
computed second and higher-order statistics of the flow aﬁ
positions extremely close to the wall, i.e. in the regiph
<5, suffered from inaccuracies most probably caused by reA. Turbulence statistics

flections of the laser light. These data were therefore ex- \ye analyse in this section the statistics of the four pro-

cluded from the final results. Although the mean-velocity e measurements and for the lowest Reynolds number com-

profiles show$d no direct signs of any accuracy problems iRy e them with the results of the direct numerical simulation
the layer 6<y™ <5, we nevertheless decided to also excludeys pggelset all2 Details of the measurement conditions can
these data from the results, for the sake of consistency. e found in Table I. The simulation of Eggets all? is a

For three Reynolds numbers, spectrum measuremeni§ns of a pipe flow at Re’5300, which is close to our lowest
were performed at two radial positions in the pipe. The cONreynolds number, Re4900. The error bars present in the
ditions are listed in Taple l. The_last column contains thefigures for several positions in the pipe were computed ac-
measurement positions in wall units and they roughly correzqrding to the method described in Lumley and Pandfsky

spond toy ™ =12 and 30. o (see also den Toonddr
In the spectrum measurements, the objective was to ob-

tain a data ratéy, as high as possible to be able to determinel- Mean velocity profile

the power spectrum at high frequencies. Hence, the spectrum Figure 4 shows the mean velocity profiles, non-
measurements were carried out in a way different from thelimensionalized with the friction velocity,,, along the en-
profile measurements. For the former, one needs a full timére pipe cross section. From the measured profiles that have
series to be able to resolve all time-scales, whereas for théata points extending from wall to walle., all profiles ex-
latter, one needs uncorrelated data to be able to compute tlvept Re=17800, it can be verified that the profiles show the
statistics. In the spectrum measurements the data rate rangexbected symmetric behaviour. The measured data for the
from 1600 Hz for the lowest Reynolds number and close tdowest Reynolds number show excellent agreement with the
the wall, to 9000 Hz for the highest Reynolds number andDNS profile. In Fig. 5 the same data are plotted in the usual
away from the wall. In each measurement, around 196008emi-logarithmic manner, using inner scaling. We remind the
samples were gathered for each velocity component. Thigeader that the friction velocity, was determined from the
corresponds to a total measurement timel23 s in the case measured pressure drop, i.e., independently of the velocity
of f4,=1600 Hz, andl'=22 s forf4,=9000 Hz. profile. The center of the pipe in wall variables is indicated

I. RESULTS OF THE LABORATORY EXPERIMENTS

3402 Phys. Fluids, Vol. 9, No. 11, November 1997 J. M. J. den Toonder and F. T. M. Nieuwstadt
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FIG. 5. Measured mean-velocity profile scaled on inner variables. The cenFIG. 7. Measured axial rms profiles scaled on inner variables as a function
tre of the pipe is ay*~170, 315, 520, and 690, respectively, for increasing of Re.
Re.

given by Eq.(4), with A=2.5 and two different values for
in the caption of the figure. It can be argued, using varioughe additive constar®, viz. 5.0 and 5.5. At the lowest Rey-
arguments, that the mean velocity profile in a turbulent pipenolds number the data in Fig. 6 confirm the DNS results of
flow at high Reynolds numbers may be described with theEggelset all? For increasing Reynolds numbers, the profile
following relations(e.g., Tennekes and Lumf&y: moves in the direction of the line defined by EHdg) with
o + A=2.5 andB=5.0, which seems to have been reached for
Uz=y", IF0<y" <5, © Re=24600. The intermediate profile with R&0000 corre-
US=Alny"+B, if y">30. (4)  sponds to Eq(4) with the values recommended by Kim
et al* for low Reynolds numbers, i.eB=5.5. The upward

) ° X + deviation of the data from the logarithmic profile at the high-
mentioned in Eq(1) for variousy " -ranges. The value of the oqty+ yajues in Fig. 6 is due to the fact that here the outer
constantsA andB still is a matter of dispute, since there is region of the pipe is reached.

considerable scatter in these values as determined from ex-
periments. For fully developed pipe flow at high Reynolds
numbers, the average of all experiments indicate #hat
=2.5 andB=5.0. However, for low Reynolds numbers the The rms values of the axial and the radial velocity fluc-
additive constanB takes a value of 5.5, as mentioned in Kim tuations are depicted in Figs. 7 and 8, respectively.

et al1* Figure 5 shows that all four measured profiles quite  The axial rms profiles do not show any Reynolds num-
nicely tend towards Eq(3) as the layer &y*<5 is ap- ber dependence up 0"~ 30, approximately the peak value
proached. In the regiop™ >30 our data show a clear Rey- and the position of the peak are the same for all measure-
nolds number dependence that is shown in more detail iments in support of Mochizuki and NieuwstadAgain, the

Fig. 6. In this figure we have also plotted the logarithmic lawRe=4900 data are in good agreement with the DNS results.

These equations specify the law of the whlthat has been

2. Rms statistics

20 . " g +.:{++H
——————— U =25y +50 T O - .*fi‘.:: o,
fffff U, =25Iny" +55 T . Re=17800 - 0"
L R e Fe
18 . Re-17800 0.8 I Eggels et al. {1994) Q
+  Re=24600
e Is et al, (1994
Eggels et al. ( )/9/ .
. "},# 3) 06
N .
o E :
-
0.4
0.2 ¢
e o 1 1 1
100 200 2 0 20 100 200
¢ +
+
y y
FIG. 6. Detailed view of the logarithmic layer. FIG. 8. Measured radial rms profiles scaled on inner variables.
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FIG. 9. Measured axial rms profiles, normalized by the local mean velocity. FIG. 11. Measured radial skewness profiles.

For the radial rms profile, a clear Re-dependence can bgl

R L . ose to the wall. The cause for this scatter is probably of a
observed in Fig. 8. With increasing Re, the peak value beétatistical nature and we will expand this remark in the next

comes larger and situated further from the wall. Also, theparagraph. In neither of the figures a clear trend with Rey-

LDV data differ significantly from the DN_S Qata for the low- nolds number can be observed, except Sorin the core
est Relygolds n'uk:nber. The up\;]var(g)ﬂewatlon (I)f thfe exc?et:'?egion of the pipeS, has the same general trend as a func-
\Tvzr;izrw:etz% m:o Jizzelggriﬁzlte Iema eSV\elzvlicsziri:tcr) tc:)u:ma- ion of y* as the DNS, although the simulations give higher
sure turbulent pipe flow, and by Tszﬁﬁ;employingyLDV values close to the wall. The trend § for Re=4900, how-

) ' .. ever, is essentially different from the DNS in the near-wall
The difference therefore seems to be a real effect, with th

?egion: the measurements indicate tattakes a negative

computat|ons.underesnmatmg the rad_|al rms velocity. Th alue in the viscous sub-layer, which would be in qualitative
reason for this underestimation remains unclear. We shal

train here f \ati its back 4. Therefore2dreement with the results of Kiet all* for channel flow.
trﬁi rain in?rri r(t)rS slp(fatcfu ?;oghor: Its d ackground. Thereloreg,  in view of the scatter in the data no definite conclusions
S point must be 1eft for further study. can be drawn regarding this matter.
In Fig. 9 the axial rms velocity is normalized by the local

mean velocity and olotted onlv in the near-wall region. Thi Figures 12 and 13 illustrate the behaviour of the flatness
€an velocily and plotted only € hear-wall region. 1MiSe, oy, Again, some scatter of the data appears close to the

?Sugggtem:me ;g?en;ﬁ%:tegzg;\\:ef;ﬂefétj/r?jr;?; n;r?g'fﬁé -II-DhNe g all, ip p_articular for the radial cc_)mponent. The stati;tical
results of Eggelet al 2 This confirms the good accuracy of error, indicated by the error bar, is not able to explain the
he data ' amoun_t of scatter. However, we note here that our error
the ' analysis for the flatness factor is based on the assumption of
a Gaussian probability distribution of the data, which clearly
is not the case according to the large values of the radial
We depict the profiles for the skewness in Figs. 10 andiatness factor close to the walthat is 3 for a Gaussian

11. The radial skewness close to the wall shows some scatter

3. Higher-order statistics

o 10 Re-4900
o e=
o Re=4900 s+ Re=10000
s Re=10000 »  Re=17800
*  Re=17800 .
15¢ . Re=24600 ' 8r ’ Eezefseotom 1994
—— Eggelsetal {1994) ggeisetal. (199
6 L

2 10 20

100 200

FIG. 10. Measured axial skewness profiles.
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FIG. 13. Measured radial flatness factor FIG. 14. Measured turbulent shear stress scaled on inner variables.

stochastic procegsHence the statistical error made in ap- where the dashed lines correspond to the profiles found from
proximating the higher-order moments may have beenhe mean velocity gradient and the stress balance. The agree-
larger. There seems to be no significant Re-dependence fafient is quite reasonable, except for a slight under-prediction
F., and the LDV- and the DNS-data are in reasonable agreeat the higher Reynolds number. These results confirm our

ment. Despite the scatter, the experimental data of Fig. 18revious statement that the flow can be considered as fully
suggest that the radial flatness factor in the near wall regiodeveloped.

increases as the Reynolds number is increased. The LDV-

data for Re=4900 show the same trend as the DNS profile,5 1yrpyjent energy production

but the LDV values are smaller. Probably, this is due to the ) o ) ) ) )
fact that the measurement times and data rates have been too Finally, in Fig. 16 the non-dimensionalized production
small to be able to capture the very rare events which causd turbulent energy is shown, wher,, is defined as

the high flatness factor, as is explained in ¥uall’ The du,

large radial flatness factor levels near the wall can be ex- Pz=— 77 ar (6)
plained in terms of the creation of stream-wise vortices as

discussed by Xwet all” The fact that the flatness factor This quantity is responsible for the generation of turbulent
seems to become larger for increasing Reynolds number magnetic energy by extracting energy from the mean flow and
therefore be exp|ained by either an increase in Strength dfansferring this into the axial normal turbulent stress com-
these Vorticity structures, or by a more intermittent appearponent. A|thOUgh the scatter is substantial, due to the error in
ance. The former of these explanations is in accordance witihe velocity gradient, Fig. 16 gives no evidence of a
the conclusion of Antonia and Kifff that the strength of the Reynolds-number dependence. Furthermore, the agreement
stream-wise vortices in the wall region increases with in-with the DNS results at the lowest Reynolds number is good.
creasing Re in their simulated low-Reynolds-number channel

flow.
1
4. Shear stresses I o e 4
The turbulent shear stress is given in Fig. 14. The og | — TEe ey
influence of the Reynolds number is clear, and the LDV data s §
at the lowest Re are in good agreement with the DNS results. /77N
For the shear stresses in a fully developed turbulent pipe . 06 / | 4
flow, the following balance can be derived: oy 7 LR
; 0.4 t y :
25:T¥+T$, (5) \*
0.2 S
where 7y, is the non-dimensional viscous shear stress, de- g
fined asry =—dU; /dr*. Using the measured mean veloc- 0 ‘ ‘ ‘ ‘ )
ity profile, we computed the viscous shear stress and with 0 0.1 02 03 04 05

this value we obtained the turbulent shear stress according to
Eq. (5). The value of the stress thus obtained can be com-
p_arEd to the actually measured Va_lue- The result is shown i 15. Measured turbulent shear stréssnbols and the same quantity as
Fig. 15 for the lowest and the highest Reynolds numbergetermined from Eq(5) and the velocity profilédashed lines

r/D
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FIG. 16. The dimensionless turbulent energy production scaled on inneFIG. 18. As the previous figure, with the vertical axis plotted logarithmi-
variables. cally.

B. Power spectra . .
P Figures 17—19 show the results fpf ~12. From Fig.

In this section we present the power spectra measured a7, it follows that the stream-wise power spectrumyat
y"~12 and 30, for the three Reynolds numbers=B&00, ~12 s only slightly influenced by Reynolds number, which
10000 and 25300. The results are plotted in the format introjs consistent with results of the stream-wise rms shown in
duced by Perry and Abellwhich was used in the paper of Fig. 7. In the energy-containing frequency-range there is
Wei and Willmarth? The abscissa of each plot is the loga- considerable scatter but we cannot distinguish a consistent
rithm of the dimensionless frequendy;, = fv/u?. The ordi-  change in the profile with Reynolds number. In the high-
nate of each plot ig, , (f*), which is defined so that the frequency range on the other hand, a small but systematic
area beneath a semi-logarithmic plot ‘bfuaua(f*) is pro- increase of energy as Re increases can be discerned. This
portional to the mean square of the fluctuating signal, noneffect is more clearly visible in Fig. 18, where this range is
dimensionalized on inner variables, i.e. emphasized by plotting the vertical axis logarithmically. The
increase is so small, however, that it hardly contributes to the

J W, (FHd(in £)= UaUy | TMS(U,) 2 @ total energy.
Yalla uzT u, ' Figure 19 gives proof of a Reynolds number dependence

of the radial power spectrum. The spectrum is enlarged over
the entire frequency range as Re increases from 5100 to
10000. The increase of the radial power spectrum as the

The relation betweenlfuaua(f*) and the one-dimensional
power spectrunk, , (f*) is

1 Reynolds number further increases to 25300 is much less
Wy u (f )= m fEuaua(f+). (8)  pronounced. These observations are again consistent with the
T
3 o Re-5100 01 o Re=5100
a  Re=10000 ; 4 Re=10000
+  Re=25300 o Re=25300
251 . : 0.08 - e
2+ "a L a4 * ‘r‘:‘ ’:i
e e o 06 A
RENRECRS B Ex o
e - e > 004 | i i
1k o{ * AA%
Iy - 5
} A o m
ok 0.02 + ° 0900
0.5 o& < @©
ar? .
0 ) I . | o L I L L
6 -4 2 0 6 -4 2 0
IN{f7) In(f")

FIG. 17. The power spectrum of the stream-wise velocity fluctuations afIG. 19. The power spectrum of the radial velocity fluctuationg at 12
y*~12 for three different Reynolds numbers. for three different Reynolds numbers.
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There is a clear Reynolds-number dependence for the
mean velocity profile non-dimensionalized with wall vari-
ables in the logarithmic region for R&5000. The “univer-
sal” logarithmic law with slope 2.5 and additive constant
5.0, seems to be valid only for R&5000, approximately.
For Reynolds number smaller than 25000, the additive con-
stant increases with decreasing Re, and for the lowest Rey-
nolds numbers also the slope becomes larger, in agreement

with the DNS results of Eggelst al1?

05 & The rms of the axial or stream-wise velocity fluctuations

has no significant Re-dependence in the near-wall region
when inner scaling is used, i.e. its value and peak position
y are not influenced by the Reynolds number. The radial tur-
bulence intensity, however, increases with increasing Re,
and its peak position shifts away from the wall.

FIG. 20. The power spectrum of the stream-wise velocity fluctuations at The higher-order turbulence statistics show no Cle_ar de-
y*~30 for three different Reynolds numbers. pendence on the Reynolds number, although the radial flat-

ness factor seems to be enlarged in the region close to the

wall as Re is increased. This may have some consequences

results shown in Fig. 8 for the radial rms of the velocity for the near-wall coherent structures.
fluctuations.

The Reynolds stress scales on inner variables up‘to
It follows from Figs. 20—21 that ag* ~30, the power ~30. Further away from the wall, the results for the different
spectra show about the same behaviour ag*at12. The

Reynolds numbers diverge, causing the peak of the Reynolds
stream-wise power spectrum is only slightly changed at higstress profile to increase and its position to shift towards
frequencies. On the other hand, the radial power spectruﬁ@rgery+-

IN(f")

shows a strong Reynolds number dependence, that is even we also performed spectrum measurementy ‘at 12
more clear than at™~ 12. Especially the difference between ang y*t~30 for the Reynolds numbers 5100, 10000 and
the two highest Reynolds numbers is more pronounced thaps300. The results can be summarized as follows.

aty”~12. Again, with an increase of Re, the radial energy isat hoth positions, the stream-wise power spectrum, non-
increased over the entire frequency range.

dimensionalized with inner variables, does not show a sub-
stantial Reynolds number dependence. Only at the highest
frequencies a slight but a consistent increase of energy with
increasing Re may be discerned.

We have performed LDV profile measurements of a tur-

The radial power spectrum exhibits a clear increase of
bulent pipe flow of water at Re4900, 10000, 17800 and energy over the entire frequency domain if the Reynolds

24600, corresponding to Re338, 629, 1040 and 1380, re- number is enlarged. This effect is particularly noticeable at
spectively. The results have been compared, using inner scat~ ~ 30.

IV. CONCLUSIONS AND DISCUSSION

ing. The conclusions from these measurements can be sum- The fact that we find a clear Reynolds number depen-
marized as follows.

dence for the mean-velocity profile scaled on inner variables
is in contradiction with the channel flow results of Wei and

Willmarth,* and with the conclusions of the channel flow and
0.3 ‘ boundary layer review by Gad-el-Hak and BandyopadHyay.
v . pet These authors argue for a Reynolds-number independent
0.05 ) Z’;ﬁﬁ + Re=25800 logarithmic profile with the constantd=2.44 andB=5.5.
On the other hand, these references claim that the stream-
02 . m** wise turbulence intensity scales on inner variables only up to
~ R y*~12, whereas we find a larger region of similarity, viz. up
=015 ort to y*~30. Our results agree with the cited papers with re-
S A cnj‘; spect to the Re-dependence of the Reynolds stress and the
0.1 . d,‘g * normal velocity fluctuations. The dependence of the Rey-
L ° ;.; nolds stress we find is not surprising, since, if we assume that
0.05 . < its maximum is in the logarithmic region, it can be easily
. % shown from Egs.4) and (5) that the peak ofry should
0 : : : increase and shift away from the wall with increasing, Re
6 4 . 2 0 Our measured power spectra show the same tendencies as
In(f")

those presented in Wei and Willmaftfihe differences be-
tween our pipe flow results and the channel and boundary
FIG. 21. The same as the previous figure, for the radial fluctuations. layer data reported in the literature may well be explained by
Phys. Fluids, Vol. 9, No. 11, November 1997 J. M. J. den Toonder and F. T. M. Nieuwstadt
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the differences in geometry which at low Reynolds numbers, 6 -

where turbulent flow structures are still relatively large, may N ;"gﬂggo
influence statistics. This explanation implies also, that the * Reci7800 g
notion of an inner layer in which the flow geometry is not 5 Eg;géﬁgtoah (1984) g//f _h_:!f‘.}
important may be too simple especially at low Reynolds o A
numbers. /o/ s
In conclusion, we can say that our data give proof of a B o ake
clear Reynolds number dependence of turbulence statistics 47 ,// ‘_.,r:”'?
scaled on inner variables in turbulent pipe flow for low to //A‘
moderate Reynolds numbers. As the Reynolds number in- ‘,‘_;"*
creases, the scaled quantities seem to approach an asymptotic gta
value. Whether this effect indeed appears, and inner scaling Lt
hence might be valid for higher Reynolds numbers, should &2 egf, e‘4 "e;;;g** "e‘f;gﬂ

be investigated in the future by performing measurements at
larger Reynolds numbers. In fact, a range of higher Reynolds y
numbers that links up with the range presented in the present
paper is currently subject of study in the so-called “super-
pipe” facility at Princeton University?

FIG. 23. Detailed view of the previous figure.

u;= 1 In Re+E (yh)32inRe, (A1)
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APPENDIX: BARENBLATT'S SCALING LAW AT LOW In Barenblatt and PrOStOkiShﬁll,the above Scaling law

Re is tested with experimental data from NikuradZ&he over-

whelming majority of these experimental points confirm the
Barenblaft® develops a view on flow similarity in turbu- vajidity of Eq. (A2).

lent shear flow that is different from the inner scaling ap- Our LDV data obtained in the turbulent pipe flow at low
proach mentioned in the present paper. Barenblatt propos@s moderate Reynolds numbers are plotted in the
an alternative scaling law for the logarithmic law, Bd). (¥ Iny*)-plane in Figs. 22 and 23. It is clear that the data at
His scaling law is non-universal in that it depends on thethe Jowest Reynolds numbers deviate significantly from the
Reynolds number. It reads as law, Eq.(A2). Figure 23 shows that the correspondence im-
proves with increasing Reynolds number. For~R&000,
there is good agreement between the measured data and the
scaling law over a considerabye -range. It should be noted

A A ;j that Figs. 22 and 23 are remarkably similar to Figs. 5 and 6,
= L SN . . . . .
g+ Pesloono & which show the classical inner scaling of the mean velocity
. Ree . '
+  Re=24600 Poi data.
g [ Fomeeeal I wﬁ;’mo R From this analysis, we must conclude that Barenblatt’s
o o, scaling law is not confirmed for low Reynolds numbers by
3 4 /’f o our experiments. Only when R€5000 is reached, the ex-
o . perimental data coincide well with the scaling law. This con-
3l /‘;‘ ¢ clusion is essentially the same as that for the universal loga-
e rithmic scaling law.
o
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